1 Introduction Control of motion at the molecular level using chemical and/or physical methods is an emerging and exciting field of science. There are many examples of controllable linear and partial rotary motion [1] in synthetic molecular systems, however, rotary molecular motors, though common in biological systems, were first synthesized rather recently [2] .
One of the most promising categories of molecular motors which allow for optical control is based on helical overcrowded alkenes. The chemical structure of the motor which is analysed in this paper is shown in Fig. 1 . From here on in this paper, the lower symmetrical part of the molecule is referred to as stator, whereas the upper part is called the rotor. Repetitive, unidirectional rotation around the central carbon-carbon double bond involves four discrete steps, in turn activated by light and temperature as shown in Fig. 1 . Rotation is achieved by fast light-induced cis-trans isomerisation to a higher energy intermediate with inversed helicity and the methyl group in an equatorial orientation (in Fig. 1 -transition from stable form a to unstable form b). This is followed by a thermally activated helix inversion that relaxes the structure back to the lowest energy conformation with the methyl in axial orientation (in Fig. 1 . -transition from unstable form b to stable form c). The direction of rotation is governed by the absolute configuration at the stereogenic centre. In case of symmetrical stator, form c is equivalent to form a, though the rotor is turned by 180° with respect to its initial position. The second 180° cycle is equivalent to the first one -photoisomerisation (c to d) is followed by a thermally activated step (d to a). Two such cycles result in one full 360º rotation. Continuous irradiation at sufficiently high temperature results in continuous unidirectional rotation.
The limiting factor for the maximum rotation rate is the duration of the thermally activated steps. Since the first publication, a significant progress has been made in reduction of the energy barriers: the barrier crossing time for thermally activated steps was reduced from days to a few hundreds nanoseconds [3] [4] [5] [6] . Light-induced steps, on the other hand, remain less explored, understood, or optimized. Ultimately one would like to have molecular motors which perform an optically induced full rotation on an utrashort Molecular rotary motors, though common in nature, were first synthesized rather recently. One of the most promising categories of light-driven rotary molecular motors which allow for optical control is based on helical overcrowded alkenes. In this category of motors, the rotation of the motor's rotor involves four discrete steps: fast light-induced cis-trans isomerisation is followed by a thermally activated step, the same steps are repeated once more to complete the full 360° cycle. Though the rotation rate of the motors is mainly limited by the duration of thermally activated steps, many important factors, such as efficiency and directionality are determined by the light-induced isomerisation. For the development of ultrafast molecular motors it is crucial to understand the mechanism and dynamics of the optically induced isomerisation steps. In this paper we will review recent time-resolved optical pump-probe experiments on chiral molecular motors and discuss the results in terms of potential energy landscapes for the ground and excited states of the motor molecules. timescale. This means that one has to overcome or speedup the temperature assisted steps, and to understand the dynamics of the optically induced steps. Recently, a quantum chemical study of potential energy profiles along the torsional angle for the ground and the lowest excited states for a number of molecular motors has been carried out [7] . The simulations, indeed, reveal asymmetrical potential landscapes, which lead to rotation of the rotor during optical excitation-relaxation cycle. Time-resolved transient absorption measurements is a valuable tool for the exploration of light-induced isomerisation step dynamics of the motors, but additional information is needed to determine relationships between optical spectra and certain geometrical configurations. One of the ways to gain additional data is to slow-down the thermally activated isomerisation steps by reducing the temperature and increasing the viscosity of the solvent [6, 8] . This way, it is possible to measure optical properties of the unstable forms ( This paper will review recent time-resolved optical pump-probe experiments and use the data to qualitatively describe the route of the rotation process in the potential landscape of the molecules.
2 Experiments and results 2.1 Experimental setup and samples Femtosecond time-resolved pump-probe experiments were performed by using a 1 kHz Ti:sapphire amplified laser system (Hurricane, Spectra Physics) and two non-collinearly pumped optical parametric amplifiers (NOPA's) (TOPASWhite, Light Conversion Ltd.). The laser system produces 120 fs, 700 µJ pulses, centered at 800 nm. Two portions of about 250 µJ of the laser output are employed to generate sub-50fs pulses in NOPA's, tuneable in a region of 490 -800 nm. The output of each NOPA is frequency doubled in a 0.2 mm BBO crystal, and recompressed in a double-pass CaF 2 prism compressor, which, in addition, also separates the second harmonics signal from the fundamental frequency. The energy of the pulses in the UV range (245-400 nm) can be attenuated in a range of 0-50 nJ. One of the NOPA's was used for excitation, the second one -for probing. Since the spectral width of the pulses becomes narrower (1-2 nm) after doubling, the pulse duration goes up to approximately 100 fs, limiting the time resolution of the whole system to about 150 fs. For measurements in the visible spectral range, one of the NOPA's is used without frequency doubling.
For a broad band probe and measurements in a 400-490 nm range, a white light continuum (350-850 nm) is generated by focusing 800 nm 200 µJ pulses in a pressurized (5 bar) xenon cell. The full spectrum is recorded using an optical multichannel analyzer (OMA) system or a monochromator and photodiodes are used for a narrowband probing. All measurements are performed in magic angle configuration.
The excitation pulse energy was attenuated to 10 nJ, which corresponds to approximately 1 photon absorbed per 50 motor molecules. At such excitation energies, the probability of multi-photon absorption in the solvent or motors was negligible.
All the measurements were performed at room temperature with the motor molecules dissolved in hexane. A magnetic pin was used to stir the solution in a quartz cell and reduce the effects of heating and photodegradation. No such effects were observed under the described experimental conditions.
Experimental results
The absorption spectrum of the stable form (Fig. 1, states a and c) of the motors features a broad absorption band centered at 360 nm. The spectrum of the unstable form (Fig. 1, states b and d ) measured cryogenically in a viscous medium is rather different -the absorption band is centered at around 460 nm [8] . Using these data, we employed the optical pump-probe technique to determine the timescale of stable-to-unstable form transition. The sample was excited with 360 nm light pulses, matching the near-UV absorption band peak of the stable form while the transient absorption was measured in the range form 320 nm to 520 nm. The transient absorption spectrum after 50 ps delay is shown in Fig. 2a . The spectrum closely matches the difference of the CW spectra of the unstable and stable forms [6, 8] strongly indicating that the light-induced isomerisation step is completed within 50 ps from the excitation.
To explore the photoisomerisation dynamics in more detail, the transient absorption dynamics at 375 nm and 450 nm probe wavelengths, matching the absorption bands of the stable and unstable forms, respectively, were measured. The time traces, shown in Figs. 2b and 2c , reveal a two-step process. Firstly, in both cases, the signal grows with a time constant of approximately 2 ps. Secondly, the signal decays with a time constant of 16 ps to a certain level and remains completely unchanged for hundreds of picoseconds, which is not surprising, since the duration of the thermally activated step of this motor, as reported in [6] , is about 3-4 microseconds. Since the two-step process described above is difficult to interpret in terms of an isomerisation pathway, additional measurements were performed in the green-red side of the visible spectrum (520-800 nm). Neither stable nor unstable form has absorption above 550 nm when in the ground state, so the non-zero transient absorption in this spectral region can be observed only when the motor molecule is in the excited state. Thus, transient absorption in this region is a selective tool for probing the excited state. Pump-probe dynamics measured at 590 nm still reveals a two-step process (see Fig. 2d ). First, induced absorption appears instantaneously (within the resolution of the measurements), but continues to grow with a time constant of about 2 ps. Then the signal decays to 0 with a time constant of 12 ps. At even longer probe wavelength (800 nm) the dynamics is different again (Fig. 2e) . In this case, induced absorption appears instantaneously and decays mono-exponentially with a time constant of 1.7 ps.
The CW fluorescence spectrum of the motor features a single broad peak in the vicinity of 500 nm [8] . Stimulated emission at the fluorescence wavelength can be used as a tool for observation of fluorescence dynamics. A negative peak in the initial part of the transient absorption trace at 520 nm (Fig. 2f) is indeed caused by stimulated emission, but unfortunately, the signal is overshadowed by strong induced absorption, which grows with a time constant of about 2 ps and afterwards decays to a certain level with a time constant of 16 ps.
To summarize, all the pump-probe kinetics can be accurately fitted with a sum of two exponential decays of 1.7 and 16 or 12 ps with different relative weights for different probe wavelengths.
Interpretation of the results
On the basis of the results described above a simple qualitative model of the motor rotation can be built. A qualitative diagram of potential landscapes of the ground and excited states of the motor is shown in Fig. 3 .
Initially, the motor persists in state 1 (equivalent to the state a in Fig. 1) , the global potential minimum of the ground state, which is equivalent to the state a in Fig. 1 . The lowest energy absorption band (S 0 -S 1 transition), in this case, is at approximately 360 nm, but absorption to higher lying states (<300 nm) is also possible.
By absorbing a photon, the molecule undergoes transition to the excited state S 1 and relaxes to the local minimum 2. Absorption, caused by the S 0 -S 1 transition is bleached, but induced absorption to the S 2 sate can be observed in the near-infrared (800 nm).
Further, the motor crosses a small barrier and undergoes a transition to a lower potential minimum 3. In this state the absorption in near-infrared disappears, since state 3 is energetically lower than state 2, but at somewhat higher energies (590 nm in Fig. 2d ), induced absorption is still observable. From both, state 2 and state 3, emission can be stimulated. However, in state 3, the induced absorption wavelength almost coincides with the emission wavelength, thus stimulated emission can be only observed while the motor is in state 2 (Fig. 2f) .
From state 3 the motor relaxes to the ground state and rotates until the local potential minimum 4 is reached (equivalent to form b in Fig. 1.) . Relaxation of the signal at 590 nm (Fig 2d) indicates the decay of the exited state, while the dynamics at 375 nm and 450 nm shows the formation of state 4, thus the difference of 4 ps in the slower component of the dynamics (12 and 16 ps) is caused by the rotation down the potential slope of the ground state before state 4 is reached. The final step which completes the 180° cycle is the thermally activated barrier crossing (transition from state 4 to state 1', or form c in Fig. 1.) . In our case, state 1' is equivalent to state 1, but the rotor is rotated by 180°. The duration of this step is on the order of microseconds [6] , thus, in our experiments the transition dynamics is not explored.
The model described above doesn't take into account additional relaxation pathways or possibilities of triplet formation. Triplet formation can be neglected, since the time, spent in the excited state is very short (<20 ps). A couple of examples of alternative pathways, which don't result in motor rotation, could be relaxation from state 2 directly to the ground state or thermally activated barrier crossing from state 4 to state 1. If relaxation from state 2 is the only alternative pathway, then, assuming that relaxation time from state 2 is the same as from state 3, it is possible to estimate the quantum yield of the isomerisation. With such assumptions, the estimation for the current motor is about 85%.
3 Summary and conclusions On the basis of the results of ultrafast time-resolved pump-probe experiments a rotation model for light-driven molecular motor is suggested (Fig. 3) . The data shows that the motor completes the light-induced isomerisation step within 20 ps, thus the thermally activated isomerisation step is the main limiting factor for the rotation rate.
Although the measurements provide the time and energy scales of the processes, the crucial, but rather uncertain part of rotation analysis is to make correct assignments between geometry and optical properties. Additional data, such as, for example, numerical simulations [7] , would be very useful for verification and quantification of the model. Currently, the research is continued by using time-resolved linear dichroism data, which provides more insight about the intramolecular movement, and modified motors with different rotation time and energy scales.
